Abstract: Uranium (U) concentration and the activities of 238 U, 234 U, and 230 Th were determined for groundwaters, spring waters, and lake water collected from the Shihongtan sandstone-hosted U ore district and in the surrounding area, NW China. The results show that the groundwaters from the oxidizing aquifer with high dissolved oxygen concentration (O 2 ) and oxidation-reduction potential (Eh) are enriched in U. The high U concentration of groundwaters may be due to the interaction between these oxidizing groundwaters and U ore bodies, which would result in U that is not in secular equilibrium. Uranium is re-precipitated as uraninite on weathered surfaces and organic material, forming localized ore bodies in the sandstone-hosted aquifer. The 234 U/ 238 U, 230 Th/ 234 U, and 230 Th/ 238 U activity ratios (ARs) for most water samples show obvious deviations from secular equilibrium (0.27-2.86), indicating the presence of water-rock/ore interactions during the last 1.7 Ma and probably longer. The 234 U/ 238 U AR generally increases with decreasing U concentrations in the groundwaters, suggesting that mixing of two water sources may occur in the aquifer. This is consistent with the fact that most of the U ore bodies in the deposit have a tabular shape originati from mixing between a relatively saline fluid and a more rapidly flowing U-bearing meteoric water.
Introduction
Bulk dissolution of most rocks >1 Ma that have not experienced recent water-rock interactions yield dissolved uranium (U) with a 234 U/ 238 U activity ratio (AR) near 1 [1] [2] [3] [4] [5] [6] [7] . However, 234 U enters solutions preferentially as the results of α-recoil damage of crystal-lattice sites containing 234 U, radiation-induced oxidation of 234 U, and preferential leaching of 234 U from the α-recoil tracks [8] .
Thus, natural waters typically are enriched in 234 U with 234 U/ 238 U AR between 1 and 10 [9, 10] . The U concentration and 234 U/ 238 U AR along a groundwater flow path depends on the balance between factors such as pH, oxidation potential, partial pressure of CO 2 , mineral dissolution, aquifer rock composition, flow-path length, and ground-water flux [3] .
Uranium-series disequilibrium data from groundwater can give information concerning recent migration history of radionuclide and geochemical conditions associated with water-rock interaction [11, 12] . From a dating point of view, the method covers the time period extending back over the last 1.7 million years, which is particularly interesting for paleohydrogeological research [13, 14] .
The use of U-Th disequilibrium to understand water-rock interactions and groundwater flow have been previously reported [3, 13, [15] [16] [17] [18] .
Interstratified sandstone-hosted U deposits were found in Yili Basin, Xinjiang, North Western China 15 years ago. These U deposits are economically viable and are an important source of U in China. The deposits are hosted by flat-lying porous sandstones. The Shihongtan U deposit is the largest in scale and tonnage and was formed from the interaction between uraniferous oxidizing groundwaters and reducing sulphide rich horizons in the sandstone. The groundwater moves along the interface between the Jurassic porous sandstones and impermeable mudstone strata. Uranium-series disequilibria in groundwater of the sandstone-hosted U deposit occurs as a result of water-rock interactions, and it provides useful information on the dissolution-precipitation and mineralization of U during the past 1.7 Ma. The solubility of U in the groundwater is very sensitive to changes in redox conditions. The position of the reducing barrier in an active aquifer is important when prospecting for this type of U deposit as well because 234 U/ 238 U can be used as a natural groundwater tracer [15, 19] .
The objective of this study is to use U-series disequilibria and U concentrations in groundwaters from the Shihongtan U ore district to: (1) investigate the relationship between U and dissolved oxygen (O 2 ) concentrations; (2) oxidation-reduction potential (Eh) in the groundwaters; and (3) the presence of water-rock interaction and mixing between a relatively stagnant saline fluid and a more rapidly flowing U-bearing meteoric water.
Study Area
The Shihongtan U deposit occurs within the Tuha Basin, Xinjiang, northwestern China ( Figure 1A ). The basin is an elongated, closed, continental basin and has an east-westerly trend. It hosts several large oil and natural gas reservoirs, as well as coalfields, and therefore is economically important. Basement rocks of the basin are Proterozoic metasediment, Carboniferous intermediate-acidic volcanic rocks and Hercynian granite, and cap rocks are Lower Permian and Triassic detrital rocks, Jurassic conglomerate, sandstone, shale and coal, Cretaceous and Tertiary red continental detrital rocks, and Quaternary. The oldest rocks exposed in this region are the Middle Proterozoic quartzite, marble, and carbonaceous slates, which are unconformably overlain by the Lower Palaeozoic conglomerate, sandstone, shale, and limestone. The Carboniferous intermediate-acidic volcanic, volcaniclastic rocks rest unconformably over the Lower Palaeozoic units, and are in turn unconformably overlain by sandstone and shale of the Permian and Upper Triassic Xiaoquangou group. The Lower to Middle Jurassic Shuixigou Group, consisting of conglomerate, sandstone, shale, and coal beds, occurs on top of these Triassic rocks. Tertiary red conglomerates, sandstone, and shale, unconformably overlying the Lower to Middle Jurassic Shuixigou Group, themselves are unconformably overlain by the gravel, sand, and clay of the Quaternary. Several northwest-, northeast-and less commonly eastwest-trending regional faults occur in both ore districts. The detailed geology of the Shihongtan U deposit was described in the literature [20] [21] [22] .
The deposit is located in the southwestern limb of the Tuha Basin regional ground-water flow system ( Figure 1B) . The sandstones that host the deposits are part of the Lower-Middle Jurassic Shuixigou Group. The sandstone typically contains 40%-55% quartz, 20%-35% lithics, 8%-15% feldspar and 2%-3% carbonaceous debris consisting of tuff, andesite, granite, rhyolite quartzite, sandstone, siltstone, and slate, with small detrital grains of biotite, muscovite, tourmaline, apatite, zircon, magnetite, and ilmenite. Sandstone associated with U mineralization is gray to dark gray, medium-to coarse-grained, and contains carbonaceous debris [20] [21] [22] . It is interpreted to be alluvial fan-braided river facies, consisting of equal amounts of quartz, feldspar, and rock fragments. Ore bodies are mainly tabular, and lens shaped. Ores are gray, dark gray or black in color, resulting from the occurrence of U minerals, iron sulfides, and carbonaceous debris. Ore-stage metallic minerals are uraninite, coffinite, pyrite, marcasite, sphalerite, galena, and hematite. 234 U/ 238 U and 230 Th/ 234 U activity ratios of the ore and host sandstone were measured [23] .
Water flows through this porous rock via a network of fractures from the outcrop region in the southwest, toward Aiting Lake in the northeast (Figure 1) . South of the recharge area, the sandstone is conformably overlain by Cretaceous sandstone. The gently dipping (5˝to 10˝) contact among the cap rock-strata establishes the aquifer's northern boundary. General groundwater flow directions in the regional Carboniferous volcanic and basin-fill aquifers, shown in Figure 1 , illustrate the potential groundwater flow paths for waters discharging in the basin, and are strongly influenced by basin-and-range-style linear mountain ranges and piedmont alluvial fan, as well as by the general decrease in surface elevations from the south to the north. The hydro-stratigraphy of the basin includes many of the units described by the Northwest Institute of Uranium Geology [22] . The Proterozoic and Carboniferous stratigraphic units comprise the lower aquifer. Those units are complexly fractured and the fractures are believed to have enhanced hydraulic connectivity. Much of the Mesozoic stratigraphy forms a regional sandstone aquifer. Jurassic mudstone and coal stratigraphy may locally be aquifers, but generally form barriers and aquitards to groundwater flow. Uppermost Tertiary and Quaternary alluvial basin-fill deposits comprise the regional basin-fill aquifer. Groundwater flow in the regional sandstone and basin-fill aquifers is commonly hydrologically connected throughout much of the southwestern Tuha basin. Most of the recharge for the regional aquifer is from the mountainous regions south of the basin and, partially, from snowmelt water on the Bogeda Mountain in the north of the basin [22] . The Jiaoluotage Mountain range along the southern margin of the basin produces sufficient moisture for groundwater recharge to occur in the basin. The climate across the Tuha basin is arid with a mean annual precipitation of approximately 17 mm. The annual evapotranspiration there, however, is more than 3000 mm. The mean annual temperature is 13.9˝C and the highest temperature in the summer reaches 50˝C, the highest temperature in China. Given the low precipitation to evapotranspiration ratio, recharge into the aquifer from direct infiltration of rainfall precipitation is small. Discharge of groundwater occurs primarily through natural springs and Lake Aiting. Most of the larger discharge springs emanate from either the Carboniferous intermediate-acidic volcanic and volcaniclastic rocks (Spring 2 or sample 2, Table 1 ) around the margin of the basin or from Quaternary rocks within the basin (Spring 1 or sample 1). Lake Aiting with an elevation of´155 m is the lowest point of elevation in continental China. Water flows through porous sandstones via a network of fractures from the outcrop region in the southwest, toward Aiting Lake in the northeast (Figure 1 ). The present flow direction of surface water and groundwater in the horizontal plane is from southwest to northeast. The basin is a discharge area for regional groundwater flow. The major and trace element chemistry of the groundwater is reported in Min et al. [22] .
Based on source and occurrence, all water samples presented in Table 1 can be divided into three facies, i.e., facies 1 (Spring 1 or sample 1), a representative of fresh near-recharging groundwater which is derived from meteoric precipitation and does not interact with rocks, facies 2 which includes discharging deep groundwater (samples 2) and groundwater runoff (samples 3-18), and facies 3 (Aiting Lake water or sample 19) which is strongly evaporated surface water and discharged groundwater.
Sampling and Analytical Techniques
From a migration point of view, rainwater falling on the topographic high is assumed to constitute the source of recharge after which water and U-series radionuclides migrate downwards along a series of interstratified oxidized-zone of sandstone strata. The section from the ground surface via boreholes Zk3w4, Zk5w1, Zk5w3, Zk9w5g, Zk9w5, Zk7w2, Zk5-3, Zk7-3, and Zk2-1 defines the central part of the flow system. Water-rock and water-ore interactions along the defined groundwater flow path are expected to affect the U-series disequilibrium signature of the groundwater.
Sampling sites were chosen to cover the Shihongtan ore district. The groundwater samples were collected from 16 sites including, boreholes (samples 3-18) that intersect U ore at the deposit, two springs (samples 1 and 2) that are used for potable water and are located at the margin of the ore district, and one site near Aiting Lake that represents the discharge of groundwater ( Figure 1 , Table 1 ). Spring 1 water (sample 1) is used as drinking water by the local inhabitants. The sampling depths of the groundwater range from 30 to 345 m. One surface-water sample was also collected from Lake Aiting. The suspended matter in the water samples was separated by filtration through a filter of 0.45 µm pore size. The pH and Eh of the water were measured at the sampling site.
Polyethylene bottles were used; they were washed successively with dilute acid and distilled water before taking the samples. At each site, 5 L of water was sampled for analysis, and the samples were acidified with HNO 3 to pH « 1. Water samples were also collected in special gas flasks to preserve the dissolved oxygen content. In the laboratory, the dissolved oxygen was extracted from the flasks and measured by mass spectrometry. A major portion of the water sample was evaporated at 40-60˝C for pre-concentration. Standard ion-exchange chromatography was used to separate and purify the U and thorium fractions in the groundwater [24] . Uranium and thorium concentrations were determined from filtered 0.45 µm groundwater using high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) with a Thermo ELEMENT II model (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the State Key Laboratory of Mineral Deposit Research, Nanjing University. Analytical uncertainties were estimated by replicate analysis of the samples and were 0.03% and 3.5% for U and Th concentrations, respectively. Uranium decay-series nuclides 234 U, 238 U, and 230 Th from the water samples were measured using high-resolution alpha spectrometry at the Atomic Energy Institute of China, with a conservative analytical error within˘10%. The reliability of 234 U/ 238 U and 230 Th/ 232 Th ratios was checked by analyzing U NBS960 and ThS1 standard solutions, respectively. Analytical uncertainties were estimated by replicate analysis of the samples and were 1.1% for 234 U/ 238 U ratios. Alpha activity ratios 234 U/ 238 U, 230 Th/ 238 U, 230 Th/ 234 U, and 226 Ra/ 230 Th of each water sample were calculated using the decay constants listed in Faure and Mensing [25] . Spring 1 water (sample 1) is used as drinking water by the local inhabitants. The sampling depths of the groundwater range from 30 to 345 m. One surface-water sample was also collected from Lake Aiting. The suspended matter in the water samples was separated by filtration through a filter of 0.45 μm pore size. The pH and Eh of the water were measured at the sampling site. Polyethylene bottles were used; they were washed successively with dilute acid and distilled water before taking the samples. At each site, 5 L of water was sampled for analysis, and the samples were acidified with HNO3 to pH ≈ 1. Water samples were also collected in special gas flasks to preserve the dissolved oxygen content. In the laboratory, the dissolved oxygen was extracted from the flasks and measured by mass spectrometry. A major portion of the water sample was evaporated at 40-60 °C for pre-concentration. Standard ion-exchange chromatography was used to separate and purify the U and thorium fractions in the groundwater [24] . Uranium and thorium concentrations were determined from filtered 0.45 μm groundwater using high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) with a Thermo ELEMENT II model (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the State Key Laboratory of Mineral Deposit Research, Nanjing University. Analytical uncertainties were estimated by replicate analysis of the samples and were 0.03% and 3.5% for U and Th concentrations, respectively. Uranium decay-series nuclides 234 U, 238 U, and 230 Th from the water samples were measured using high-resolution alpha spectrometry at the Atomic Energy Institute of China, with a conservative analytical error within ±10%. The reliability of 234 U/ 238 U and 230 Th/ 232 Th ratios was checked by analyzing U NBS960 and ThS1 standard solutions, respectively. Analytical uncertainties were estimated by replicate analysis of the samples and were 1.1% for 234 U/ 238 U ratios. Alpha activity ratios 234 U/ 238 U, 230 Th/ 238 U, 230 Th/ 234 U, and 226 Ra/ 230 Th of each water sample were calculated using the decay constants listed in Faure and Mensing [25] . Figure 1 . Zk3w4, Zk5w1, Zk5w3, Zk9w5g, Zk9w5, Zk7w2, Zk5-3, Zk7-3 and Zk2-1 are borehole codes.
All designations of radioisotopes in this report are in terms of alpha activities, and all isotope ratios are in terms of alpha activity ratios (AR). The critical ARs are those of the shorter lived daughters relative to longer lived parents. Deviation of such ratios from 1.0 is termed disequilibrium and indicates that leaching or deposition has occurred within the system during a time frame determined by the daughter half-life. On the other hand, ARs equal to 1.0 indicate a lack of such disruptions for the time required for decay to erase the disequilibria. Given the conservative analytical uncertainty of 10%, the measurable equilibration times for each of the daughters are about four half-lives: 1.0 Ma for 234 U, 300 ka for 230 Th, and 6 ka for 226 Ra.
Results and Discussion

Uranium Concentrations
All analytical data are presented in Table 1 . The groundwater at a depth greater than 300 m is characterized by Eh < 0 mV and pH = 7.3-7.5. Some groundwaters (samples 3-5 and 15-18) collected from the oxidizing subzone aquifer have U enrichment, ranging from 0.21 to 162.0 µg/L, and an average of 38.14 µg/L (equivalent to ppb; Table 1 ). The U concentrations are obviously higher than that in unmineralized areas where U concentrations of the groundwaters are typically less than and close to 10 µg/L [22, 26] . Variations in U concentration of the groundwater are more dependent on dissolved oxygen concentration (O 2 ) and oxidation-reduction potential (Eh) of the waters (Figure 2 ). The solubility of U in the groundwaters is very sensitive to changes in redox conditions. At the reducing barrier, the U concentration becomes greatly reduced as water flows into the oxygen-depleted front; the U is effectively removed from the water ( Table 1 ). The U concentration of the groundwaters from the reducing subzone aquifer (samples [10] [11] [12] [13] [14] in the Shihongtan ore district is typically lower than 1.00 µg/L (0.01-0.88 µg/L), with an average of 0.27 µg/L. However, the U concentration in the groundwaters increases toward the oxidizing subzone aquifer (samples 3-5 and 15-18) where values greater than 6.00 µg/L are common. The highest U concentrations (162.00 µg/L; sample 5) are likely to be due to the accumulation of U in the groundwater along its flow path as it continues to interact with uraniferous rocks.
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Uranium Concentrations
All analytical data are presented in Table 1 . The groundwater at a depth greater than 300 m is characterized by Eh < 0 mV and pH = 7.3-7.5. Some groundwaters (samples 3-5 and 15-18) collected from the oxidizing subzone aquifer have U enrichment, ranging from 0.21 to 162.0 μg/L, and an average of 38.14 μg/L (equivalent to ppb; Table 1 ). The U concentrations are obviously higher than that in unmineralized areas where U concentrations of the groundwaters are typically less than and close to 10 μg/L [22, 26] . Variations in U concentration of the groundwater are more dependent on dissolved oxygen concentration (O2) and oxidation-reduction potential (Eh) of the waters (Figure 2) . The solubility of U in the groundwaters is very sensitive to changes in redox conditions. At the reducing barrier, the U concentration becomes greatly reduced as water flows into the oxygen-depleted front; the U is effectively removed from the water ( Table 1 ). The U concentration of the groundwaters from the reducing subzone aquifer (samples [10] [11] [12] [13] [14] in the Shihongtan ore district is typically lower than 1.00 μg/L (0.01-0.88 μg/L), with an average of 0.27 μg/L. However, the U concentration in the groundwaters increases toward the oxidizing subzone aquifer (samples 3-5 and 15-18) where values greater than 6.00 μg/L are common. The highest U concentrations (162.00 μg/L; sample 5) are likely to be due to the accumulation of U in the groundwater along its flow path as it continues to interact with uraniferous rocks.
Dissolved oxygen concentrations (O2) and Eh levels reveal that a reducing front is present down dip in the confined portions of the aquifer ( Table 1 Dissolved oxygen concentrations (O 2 ) and Eh levels reveal that a reducing front is present down dip in the confined portions of the aquifer ( Table 1 ). The dissolved oxygen concentrations in the groundwaters from deep boreholes (more than 155 m) are low (0.2-1.0 mg/L), and waters are anoxic at depth. Near-surface waters from springs and lakes have dissolved oxygen concentrations above saturation, ranging from 6.0 to 6.5 mg/L, showing dissolved oxygen-enrichment. Elevated dissolved oxygen concentrations (1.2-5.0 mg/L) also occur in the samples from shallow boreholes (less than 135 m). Elevated U concentrations (3.71 µg/L) are also present in the lake water (sample 19). These elevated levels of U may be due to increased U levels in groundwater from drilling and mining activity in the Shihongtan ore district or they could be from weathering of the uraniferous sandstone and volcanic rocks. The U concentration of Spring 2 water (0.11 µg/L) is likely caused by the water cycling through U-rich volcanic rocks. Spring 1 water originates from the confined upper portions of the aquifer, mainly contains meteoric water, and has lower U concentrations (0.13 µg/L).
Activity Concentrations of U-Series Radionuclide
The 238 U activity concentrations of waters from the ore district can be divided into two groups: one ranges from 0.10 to 2.20 Bq/L, and the other ranges from 3.10 to 129.30 Bq/L, typical of oxygenated waters [26] . The observed 238 U activity concentrations suggest relatively high mobility of U isotopes due to the formation of uranyl-anion complexes such as (UO 2 )(CO 3 ) 3 4´u nder oxygenated conditions [27] . Main anion species in the groundwaters are: Cl´(2623. [22] . Uranyl-carbonate complexes are the most important U-complexes in the oxygenated, carbonate-rich groundwaters [27] . The wide range of 238 U in the aquifer waters is a reflection of diverse vadose zone inputs [17, 28] . The 234 U activity concentration of the waters varies from 0.15 to 226.50 Bq/L. Significant radioactive disequilibria exist between U and its daughter nuclides. For instance, the 230 Th/ 234 U and 230 Th/ 238 U ARs range from 0.27 (sample 9) to 2.50 (sample 12) and from 0.33 (sample 11) to 2.50 (sample 12), respectively. The estimated solubility of Th in pure water is low, only 10 pg/kg [29] , whereas Th solubility in natural waters can increase greatly up to pH 8 by complexing with carbonate and bicarbonate species [30] . However, at pH values above 8, Th-hydroxyl species dominate over Th-carbonate species. The measured 230 Th activity concentrations in waters are near the solubility limit for thorianite (ThO 2 ) with some enhancement presumably due to the presence of ligands. Furthermore, preferential 234 U removal ( 234 U/ 238 U AR < 1) was observed.
The 238 U, 234 U and 230 Th activity concentrations of the groundwater samples 3-9, 15-18 are all high, especially for the groundwater samples 6, ,7 and 9, with activity concentrations between 13.80 and 129.30 Bq/L for 238 U, between 22.10 and 226.50 Bq/L for 234 U, and between 6.00 and 78.80 for 230 Th, respectively (Table 1) . Moreover, the activity concentrations of the U-series radionuclide for almost all water samples show that 234 U > 238 U > 230 Th, due to differences in groundwater input rates, as well as in removal rates.
Activity Ratios of U-Series Radionuclide
The use of 230 Th/ 238 U to recognize accumulation or leaching of U at an ore site is straight-forward because Th is immobile and disequilibrium can be effected only by movement of U, but interpretation of 234 U/ 238 U is ambiguous since the ratio at the sampling site can be produced by secondary U mineral precipitation from the ground water after being produced up-flow. Given such complicating possibilities, we rely here on the plausible scenarios described by Thiel et al. [31] and depicted in Figure 3 .
The 234 U/ 238 U and 230 Th/ 234 U ARs for the majority of water samples display values out of equilibrium (>1.10 or <0.90). The activity ratios of the waters are characterized by 234 U/ 238 U AR ě 1, 230 Th/ 234 U and 230 Th/ 238 U ARs < 1 except sample 11 ( 230 Th/ 234 U AR = 230 Th/ 238 U AR = 2.50). The 230 Th/ 234 U activity ratios are all rather high. This indicates relatively recent deposition of U from water with 234 U/ 238 U AR > 1 (Figure 3 ). This result is similar to the cases studied by [13, 32, 33] . Suksi et al. [13] reported fracture calcites from the groundwaters with 230 Th/ 234 U AR = 3.22 in Almottu, Finland. Toulhoat et al. [34] proposed a classification of waters based on two parameters, U concentration and 234 U/ 238 U AR. High 234 U/ 238 U AR (>2.0) can be due to a higher than normal ratio of leachable U in aquifer or amorphous uraninite, enhancing α-recoil. A 234 U/ 238 U AR less than 1 implies intense dissolution.
Groundwater 234 U/ 238 U AR ranges from 0.98 to 2.86 (median value for all samples of 1.43) with substantial overlap between values from different samples. The highest value ( 234 U/ 238 U AR of 2.86) is for sample 18 from a near-surface aquifer (borehole Zk2-1). The data presented in Table 1 show that 234 U/ 238 U, 230 Th/ 234 U, and 230 Th/ 238 U ARs for most of the water samples are obvious deviations from secular equilibrium and are enriched in 234 U (Figure 3) . Although 234 U/ 238 U AR of the water samples 4, 11, 12, and 19 are near unity or show very little deviation from secular equilibrium (0.98-1.10), their 230 Th/ 234 U and 230 Th/ 238 U ARs show obvious deviations from secular equilibrium, ranging from 0.27 (sample 9) to 2.50 (sample 12) and from 0.33 (sample 11) to 2.50 (sample 12), respectively. The high value of 234 U/ 238 U AR and low value of 230 Th/ 234 U and 230 Th/ 238 U ARs can only be generated by enhanced 234 U gain and an inherited 230 Th during weathering [18, 25] . is for sample 18 from a near-surface aquifer (borehole Zk2-1). The data presented in Table 1 show that 234 U/ 238 U, 230 Th/ 234 U, and 230 Th/ 238 U ARs for most of the water samples are obvious deviations from secular equilibrium and are enriched in 234 U (Figure 3 Figure 4 shows the relationship between the 234 U/ 238 U AR and U concentration from water samples. All samples with a low U concentration show disequilibria with high 234 U/ 238 U AR values (>1-2). The 234 U/ 238 U AR generally increases with decreasing U concentrations (Table 1, Figure 3 ). U can be precipitated when the groundwaters become anoxic since reduced U 4+ is much more insoluble. Therefore, the U concentration for some groundwaters (samples [6] [7] [8] [9] [10] [11] [12] [13] [14] is low and the 234 U/ 238 U AR is high due to efficient recoil from precipitated uraninite [26, 35] . The high 234 U/ 238 U AR values of the waters reflect preferential dissolution of 234 U relative to 238 U from rocks due to the α-recoil effect during the α-decay of 238 U to 234 Th [5, 36, 37] . However, dissolution of aquifer rocks decreases the 234 U/ 238 U AR in groundwater because this ratio in rocks is close to unity. Our data show roughly a linear correlation between 234 U/ 238 U AR and the inverse of the U concentration (Figure 4) , suggesting that the mixing of at least three components, which are (1) low U concentration (0.01~0.02) with AR = 1; (2) high U concentration with AR = 1; and (3) low U concentration with AR > 1, may occur in the aquifer. It is supported by the fact that U ore bodies mainly have a tabular shape with a thickness ranging from 3 to 18 m and length of ~200 m. Their attitudes are sub-parallel to bedding ( Figure 1B) . The tabular U ore bodies were formed from mixing between a relatively stagnant saline fluid and a rapid flowing U-bearing meteoric water [38] [39] [40] . Dabous and Osmond [40] reported that waters from the sandstone Nubian Aquifer in Egypt exhibit broad correlations between 234 U/ 238 U AR and 1/Ucon., consistent with mixing between recharging and aquifer waters with distinct 234 U/ 238 U AR as well as 238 U and excess 234 U concentrations.
Fluid Mixing
Therefore older U ore bodies, which are dissolved by oxidizing or saline groundwaters in the Shihongtan aquifer could be the source of U in the high-U groundwaters (samples [4] [5] [6] [7] [8] [9] [15] [16] [17] Figure 4 shows the relationship between the 234 U/ 238 U AR and U concentration from water samples. All samples with a low U concentration show disequilibria with high 234 U/ 238 U AR values (>1-2). The 234 U/ 238 U AR generally increases with decreasing U concentrations (Table 1, Figure 3 ). U can be precipitated when the groundwaters become anoxic since reduced U 4+ is much more insoluble. Therefore, the U concentration for some groundwaters (samples 6-14) is low and the 234 U/ 238 U AR is high due to efficient recoil from precipitated uraninite [26, 35] . The high 234 U/ 238 U AR values of the waters reflect preferential dissolution of 234 U relative to 238 U from rocks due to the α-recoil effect during the α-decay of 238 U to 234 Th [5, 36, 37] . However, dissolution of aquifer rocks decreases the 234 U/ 238 U AR in groundwater because this ratio in rocks is close to unity. Our data show roughly a linear correlation between 234 U/ 238 U AR and the inverse of the U concentration (Figure 4) , suggesting that the mixing of at least three components, which are (1) low U concentration (0.01~0.02) with AR = 1; (2) high U concentration with AR = 1; and (3) low U concentration with AR > 1, may occur in the aquifer. It is supported by the fact that U ore bodies mainly have a tabular shape with a thickness ranging from 3 to 18 m and length of~200 m. Their attitudes are sub-parallel to bedding ( Figure 1B) . The tabular U ore bodies were formed from mixing between a relatively stagnant saline fluid and a rapid flowing U-bearing meteoric water [38] [39] [40] . Dabous and Osmond [40] reported that waters from the sandstone Nubian Aquifer in Egypt exhibit broad correlations between 234 U/ 238 U AR and 1/U con. , consistent with mixing between recharging and aquifer waters with distinct 234 U/ 238 U AR as well as 238 U and excess 234 U concentrations.
Therefore older U ore bodies, which are dissolved by oxidizing or saline groundwaters in the Shihongtan aquifer could be the source of U in the high-U groundwaters (samples 4-9, 15-17) is great (0.20-162.00 µg/L, mean 27.56 µg/L), whereas some groundwaters may be relatively depleted in U (samples 10-14; 0.01-0.88 µg/L, mean 0.26 µg/L) because U has precipitated along a fixed front.
The 234 U-excess ( 234 Ue), which is defined as [41] :
234 Ue " r 234 U{ 238 U´1sˆU con.
is released by recoil from host minerals of 234 Th, followed by decay to 234 Pa and then to 234 U. In our case, the 234 Ue increases approximately with the increase in U concentration ( Figure 5 ). This excess can also be interpreted to be due to higher mobility of 234 U, which more readily forms the soluble (UO 2 ) 2+ ion in comparison with 238 U, most of which remains in the insoluble 4 + state [11, 42] . Where removal processes are not fractionating, the ratio of 234 Th recoil release rate to weathering rate will be retained in the groundwater. In this case, the measured ratio of the excess 234 U to 238 U (that is, ( 234 U/ 238 U) w´1 ) is equal to the ratio of recoil supply to weathering [17] . 
is released by recoil from host minerals of 234 Th, followed by decay to 234 Pa and then to 234 U. In our case, the 234 Ue increases approximately with the increase in U concentration ( Figure 5 ). This excess can also be interpreted to be due to higher mobility of 234 U, which more readily forms the soluble (UO2) 2+ ion in comparison with 238 U, most of which remains in the insoluble 4 + state [11, 42] . Where removal processes are not fractionating, the ratio of 234 Th recoil release rate to weathering rate will be retained in the groundwater. In this case, the measured ratio of the excess 234 U to 238 U (that is, ( 234 U/ 238 U)w − 1) is equal to the ratio of recoil supply to weathering [17] . 18 ) and lake water (sample 19) from the Shihongtan U ore district flow system. Drawn from the data in Table 1 . Symbols as in Figure 3 . Arrows indicate maximum and minimum values for data points that plot off scale. . 234 U/ 238 U AR versus log 1/U concentrations for the spring 1 waters (samples 1), groundwaters (samples 2-18) and lake waters (sample 19) from the Shihongtan U ore district flow system. Data from Table 1 . Symbols as in Figure 3 . is released by recoil from host minerals of 234 Th, followed by decay to 234 Pa and then to 234 U. In our case, the 234 Ue increases approximately with the increase in U concentration ( Figure 5 ). This excess can also be interpreted to be due to higher mobility of 234 U, which more readily forms the soluble (UO2) 2+ ion in comparison with 238 U, most of which remains in the insoluble 4 + state [11, 42] . Where removal processes are not fractionating, the ratio of 234 Th recoil release rate to weathering rate will be retained in the groundwater. In this case, the measured ratio of the excess 234 U to 238 U (that is, ( 234 U/ 238 U)w − 1) is equal to the ratio of recoil supply to weathering [17] . 18 ) and lake waters (sample 19) from the Shihongtan U ore district flow system. Data from Table 1 . Symbols as in Figure 3 . Figure 5 . 234 U excess ( 234 Ue) as a function of U concentration in parts per billion , by weight, for the spring 1 waters (samples 1 ), groundwaters (samples 2-18) and lake water (sample 19) from the Shihongtan U ore district flow system. Drawn from the data in Table 1 . Symbols as in Figure 3 . Arrows indicate maximum and minimum values for data points that plot off scale. 18 ) and lake water (sample 19) from the Shihongtan U ore district flow system. Drawn from the data in Table 1 . Symbols as in Figure 3 . Arrows indicate maximum and minimum values for data points that plot off scale.
Conclusions
Based on deviations from secular equilibrium (0.27-2.86) of 234 U/ 238 U, 230 Th/ 234 U, and 230 Th/ 238 U ARs and rather high U concentrations in present day groundwaters, U could locally be precipitating within sandstone aquifers of the Shihongtan ore district where appropriate redox conditions are created. U-series disequilibria, therefore, can provide an important tool for tracing groundwaters from different aquifer conditions. However, clear interpretations of activity ratios of the U-series isotope and quantification of the responsible processes, as pointed out by [36] , remain difficult.
